ABSTRACT: Chiral domain walls of Neel type emerge in heterostructures that include heavy metal (HM) and ferromagnetic metal (FM) layers owing to the Dzyaloshinskii-Moriya (DM) interaction at the HM/FM interface. In developing storage class memories based on the current induced motion of chiral domain walls, it remains to be seen how dense such domain walls can be packed together. Here we show that a universal short range repulsion that scales with the strength of the DM interaction exists among chiral domain walls. The distance between the two walls can be reduced with application of out of plane field, allowing formation of coupled domain walls. Surprisingly, the current driven velocity of such coupled walls is independent of the out of plane field, enabling manipulation of significantly compressed coupled domain walls using current pulses. Moreover, we find that a single current pulse with optimum amplitude can create a large number of closely spaced domain walls. These features allow current induced generation and synchronous motion of highly packed chiral domain walls, a key feature essential for developing domain wall based storage devices.
Spin orbit effects [1] [2] [3] in magnetic heterostructures have altered the conventional approach to controlling magnetization electrically. The spin Hall effect [4] [5] [6] in non-magnetic heavy metals (HM) can generate large enough spin current to cause switching of the magnetization of a neighboring magnetic layer 2 . Recent studies have shown that such diffusive spin current from the spin Hall effect can also drive domain walls [7] [8] [9] [10] [11] [12] [13] of neighboring magnetic layer if the walls adopt a chiral Neel configuration. The Dzyaloshinskii-Moriya (DM) interaction [14] [15] [16] at the interface of HM layer and a ferromagnetic metal (FM) layer enables formation of such chiral Neel walls [17] [18] [19] [20] [21] [22] [23] [24] .
In many cases, the spin Hall angle of the HM layer and the strength of the DM interaction define the efficiency of current induced motion of chiral domain walls.
In developing domain wall based devices [25] [26] [27] , one of the main challenges that needs to be assessed is its scalability. In particular, it remains to be seen how dense domain walls can be packed within a quasi-one dimensional wire. Recently it has been reported that a topological repulsive force exists among vortex (and in some cases transverse) domain walls in in-plane magnetized systems 28 . Short range repulsive interaction between domain walls may be advantageous for placing domain walls close to each other, allowing dense packing of domain walls 29, 30 . However, the repulsive interaction among the vortex (and transverse) domain walls depends on the successive alignment of magnetic charges of neighboring domain walls. Thus the repulsive force may be absent for particular alignments.
Here we show that a universal repulsive interaction exists among chiral Neel walls. The repulsive force increases with increasing strength of DM interaction. Due to the short range repulsive interaction, two neighboring walls can form a coupled state in the presence of an out of plane field. Whereas current driven velocity of an isolated wall scales linearly with the out of plane field, the velocity of the coupled walls shows little dependence on the field. This allows one to drive coupled domain walls that are significantly compressed using current pulses. In addition, we find that current pulses can generate a large number of closely spaced domain walls when appropriate pulses are used. These features enable generation and synchronous motion of highly packed domain walls using current pulses.
Films are grown on Si substrates using magnetron sputtering. The film structure is Sub. |1.5 Ta|d W|1 CoFeB|2 MgO|1 Ta (units in nanometer). The thickness of the W insertion layer (d) is varied to control the DM exchange interaction 12 , as demonstrated below. Optical lithography and Ar ion milling are used to form a wire, typically ~5 m wide and ~40 m long. Fig. 1(d) . According to the one-dimensional (1D) model 7, 31 of domain walls, v D is proportional to the DM exchange constant
where  is the gyrotropic ratio. M S is the saturation magnetization of the magnetic layer and here we assume it is equivalent to M/V. The DM exchange constant is calculated using the above relation and its d-dependence is shown in Fig. 1 (e). D increases with increasing d till d~0.6 nm, above which it tends to saturate.
We next show current induced nucleation of domain walls. In the wires studied, we find that a large number of domain walls can be formed under certain conditions. In contrast, a sharp increase in the number of domain walls with the pulse length is found when the amplitude is set to ~±32 V. Below ~±32 V, we find little evidence of current induced nucleation of domain walls for this device.
The W insertion layer thickness dependence of the average number of domain walls nucleated when the pulse length is fixed to 100 ns is shown in Fig. 2(b) . The pulse amplitude is set such that the number of domain walls nucleated is at maximum. Interestingly, we find that the domain wall nucleation significantly depends on d. When d<~0.5 nm, the number of domain walls nucleated is fixed to a value less than ~10. The inset of Fig. 2(b) enclosed by the blue rectangle shows a representative image of the magnetic state. For wires with d<~0.5 nm, we find that the wall normal of the nucleated domain walls is not always directed along the wire's long axis. The number of domain walls abruptly increases when d exceeds ~0.5 nm. Although there seems to be a correlation between the number of domain walls nucleated and the strength of DM interaction, we find that a non-zero D is not a sufficient condition in order to observe large number of domain walls nucleated by voltage pulses. Further investigation is required to clarify the underlying mechanism of this effect.
Nucleation of multiple walls allows us to study the interaction among them using out of plane magnetic field (H Z ). We start from the multi-domain state created by the voltage pulse application. To study the interaction, Kerr images are taken at near zero field before and after H Z is changed to a certain value. The number of domain walls existing in the wire after application of H Z is plotted in Fig 3(a) . The corresponding magnetic states of the wire, obtained by Kerr imaging at near zero field, are shown in Fig. 3(b the projection of the magnetization direction along the wire is similar. However, whereas an out of plane magnetic field can control the separation distance between neighboring chiral domain walls allowing formation of highly packed states, the field will only modify the size (diameter)
of skyrmions and will not generate densely packed trains of skyrmions. As the repulsive force between the chiral Neel walls increases with increasing DM interaction, the separation distance between the walls can be further reduced. This will allow highly packed coupled domain walls that can be synchronously driven along the wire by current pulses. These results provide new perspectives on utilizing chiral magnetic textures for developing information storage and computation devices. 
MATERIALS AND METHODS

A. Kerr images
All Kerr images are subtracted images. The reference is a saturated state with the wire's magnetization pointing along -z. Bright and dark contrast correspond to a magnetic state with magnetization directed along +z and -z, respectively.
B. Velocity measurements
Current driven velocity of domain walls is estimated by dividing the distance the wall traveled with the length of the applied voltage pulse. The distance the wall traveled is calculated using the Kerr images taken before and after the voltage pulse application. For the latter, the Kerr image is captured ~10 ms after the pulse application. The ~10 ms delay provides sufficient time for the wall to relax.
C. Annihilation field measurements
The annihilation field is measured as the following. First, multiple domain walls are created by applying a long (~100 ns) voltage pulse to the wire. A Kerr image is taken to record the initial state. An out of plane field is applied using an electromagnet (rise time ~100 ms). The field is maintained to a constant value for ~200 ms. A Kerr image is taken while the field is on to record the magnetic state under the field. The field is then reduced to near zero and a Kerr image is recorded after the electromagnet settles. We compare the Kerr images at near zero field to study the number of domain walls. 
Supporting Information for
where parameterizes the damping-like spin-orbit torque (DL-SOT) in terms of the spin Hall angle ( ) 7, 8 and the injected current density ( ). is the thickness of the ferromagnetic layer. parameterizes the field-like spin-orbit torque (FL-SOT), which is quantified by the field-like parameter representing the ratio between the field-like and the damping-like spin-orbit torques. is the polarization of the spin current (see Refs. 5 and 9 for numerical details) entering the ferromagnetic layer. The definition of , and are described in Fig. 1(a) In order to take into account the effects of disorder due to imperfections and defects, we assume the easy axis anisotropy direction is distributed among a length scale defined by a "grain" size. The grains vary in size taking an average diameter of 10 nm. The direction of the uniaxial anisotropy ( ) of each grain is mainly directed along the perpendicular direction (z-axis) but with a small in-plane component which is randomly generated over the grains. The maximum percentage of the in-plane component of the uniaxial anisotropy unit vector ( ) is varied from 2% to 10% (0.02 0.10). We have considered several different grain patterns generated randomly and it was confirmed that the presented results do not differ significantly from pattern to pattern.
Two strips with two different widths are studied here: 384 nm and 3000 nm. The strips are discretized using a finite difference scheme with cells composed of 3 nm 3 nm 1 nm: the thickness of the cell is the same with that of the CoFeB strip ( 1 nm). A micromagnetic study using the real dimensions of the experimental samples (~40 μm long wires and width of ~5000 nm) is not possible due to computer memory limitations. Therefore, we simulate strip lengths (ℓ) of 3.072 μm and 6.144 μm.
(b) Annihilation field of several DWs as a function of the DMI
In order to support the experimental observations presented in Fig. 3 of the main text, micromagnetic simulations are performed for a strip with ℓ 3.072 , width 384 nm and thickness 1 nm with the same material parameters as stated above. Thermal fluctuations at room temperature and disorder defined by grains are taken into account to describe realistic conditions. The strip contains initially 31 domain walls (DWs), and a series of consecutive negative out-of-plane fields are applied, each one for a duration ( ) of 10 ns. The number of DWs as a function of the applied field is plotted in Fig. S1(a) . Snapshots of the magnetic state of the strip for representative fields are depicted in Fig. S1 At room temperature, there is no null probability of DW propagation under fields smaller than the propagation field ( | | | | ), and the distance between walls decreases monotonically as | | increases (red solid circles in Fig. S2(a) ). Even under these realistic conditions the dependence of vs is similar to that obtained from the defect-free strip at zero temperature. The annihilation field (| |~75 Oe) is slightly reduced due to thermal activation with respect to the zero temperature case.
The repulsion between chiral DWs can be estimated by applying an out-of-plane field that compresses the center domain. As it can be easily imagined, the repulsion between chiral DWs depends on their relative distance. For the system numerically evaluated here, the repulsion is negligible for relative distance of ≳ 1 μm as it can be inferred from Fig. S2(a) . However, the repulsion becomes relevant for smaller distances. agrees well with the micromagnetic results, i.e. the separation distance due to , is in accordance with that from the micromagnetic simulations. , is represented by the green line in Fig. S2(b) .
However, for larger values of D smaller separation distance ( ) between walls can be achieved under stronger out-of-plane fields. The micromagnetic results deviate from the analytical prediction given by Eq. (S3) for larger applied field (| | ~80 Oe) (see Fig. S2 (b) for 0.48 erg cm , blue triangles). In this high field range the distance between walls approaches 50 nm, and the behavior of is better described by the dipolar field between the magnetic moments of the walls ( , ) 12 , which can be can be expressed as where Δ is the DW width and and are the angles of the internal magnetization with respect to the x-axis within the left and the right walls, respectively. , is represented by the blue line in Fig. S2(b) . Note that this dipolar interaction , scales with 1 ⁄ , and therefore, it becomes significant only when the walls are very close to the each other. This short length repulsion increases with . As a consequence, the annihilation field increases with (see Fig. S2(c) ). 
, ,
where the index : , corresponds to the left and the right DWs within the strip, and of the heavy metal layer and is the current density that flows into the heavy metal layer.
The field like contribution is . The definitions of the constants used here are:
is the gyromagnetic ratio, is the reduced Planck constant and is the electron charge. 2 and t p =10 ns was applied for each field H z , which is statically applied during the full temporal window t w =50 ns. These results were obtained considering a realistic strip (pinning) at room temperature. The terminal distance (d DWs ) between the two initially coupled walls is plotted in (g), where both micromagnetic (M) and 1D model results (1D) are shown together for both positive and negative current pulses.
